Induction of apoptosis by tumor necrosis factor (TNF) is modulated by changes in the expression and activity of several cell cycle regulatory proteins. We examined the effects of TNF (1-100 ng/ml) and butyrolactone I (100 µM), a specific inhibitor of cyclin-dependent kinases (CDK) with high selectivity for CDK-1 and CDK-2, on three different cancer cell lines: WEHI, L929 and HeLa S3. Both compounds blocked cell growth, but only TNF induced the common events of apoptosis, i.e., chromatin condensation and ladder pattern of DNA fragmentation in these cell lines. The TNF-induced apoptosis events were increased in the presence of butyrolactone. In vitro phosphorylation assays for exogenous histone H1 and endogenous retinoblastoma protein (pRb) in the total cell lysates showed that treatment with both TNF and butyrolactone inhibited the histone H1 kinase (WEHI, L929 and HeLa) and pRb kinase (WEHI) activities of CDKs, as compared with the controls. The role of proteases in the TNF and butyrolactoneinduced apoptosis was evaluated by comparing the number and expression of polypeptides in the cell lysates by gel electrophoresis. TNF and butyrolactone treatment caused the disappearance of several cellular protein bands in the region between 40-200 kDa, and the 110-90-and 50-kDa proteins were identified as the major substrates, whose degradation was remarkably increased by the treatments. Interestingly, the loss of several cellular protein bands was associated with the marked accumulation of two proteins apparently of 60 and 70 kDa, which may be cleavage products of one or more proteins. These findings link the decrease of cyclin-dependent kinase activities to the increase of protease activities within the growth arrest and apoptosis pathways induced by TNF.
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Abstract
Induction of apoptosis by tumor necrosis factor (TNF) is modulated by changes in the expression and activity of several cell cycle regulatory proteins. We examined the effects of TNF (1-100 ng/ml) and butyrolactone I (100 µM), a specific inhibitor of cyclin-dependent kinases (CDK) with high selectivity for CDK-1 and CDK-2, on three different cancer cell lines: WEHI, L929 and HeLa S3. Both compounds blocked cell growth, but only TNF induced the common events of apoptosis, i.e., chromatin condensation and ladder pattern of DNA fragmentation in these cell lines. The TNF-induced apoptosis events were increased in the presence of butyrolactone. In vitro phosphorylation assays for exogenous histone H1 and endogenous retinoblastoma protein (pRb) in the total cell lysates showed that treatment with both TNF and butyrolactone inhibited the histone H1 kinase (WEHI, L929 and HeLa) and pRb kinase (WEHI) activities of CDKs, as compared with the controls. The role of proteases in the TNF and butyrolactoneinduced apoptosis was evaluated by comparing the number and expression of polypeptides in the cell lysates by gel electrophoresis. TNF and butyrolactone treatment caused the disappearance of several cellular protein bands in the region between 40-200 kDa, and the 110-90-and 50-kDa proteins were identified as the major substrates, whose degradation was remarkably increased by the treatments. Interestingly, the loss of several cellular protein bands was associated with the marked accumulation of two proteins apparently of 60 and 70 kDa, which may be cleavage products of one or more proteins. These findings link the decrease of cyclin-dependent kinase activities to the increase of protease activities within the growth arrest and apoptosis pathways induced by TNF.
Introduction
Tumor necrosis factor-a (TNF-a) is a 17-kDa protein primarily produced by macrophages with a wide range of biological activities (1) . TNF exerts cytotoxic or cytostatic effects on a variety of cell types, which may result in cell death by apoptosis (2) . Apoptosis is a selective program for cell death controlled by specific genes, which either suppress (bcl-2/CED-9 protein family) or promote it (CED-3/ICE protein family) (3, 4) . The molecular and morphological events triggered by these regulatory proteins lead to the internucleosomal fragmentation of DNA, degeneration of nuclear and cytoplasmic structures and formation of membrane-bound apoptotic bodies, which are engulfed by neighboring cells or tissue macrophages (5, 6) . Recently, a network of genes, including various cell cycle genes, protooncogenes, tumor suppressor genes and cell death genes, was shown to play major roles on the regulation of cell growth, differentiation and apoptosis as well as in tumor progression (7) (8) (9) . Two interrelated cellular processes, the cell cycle and cell death, are involved simultaneously during the cellular response to TNF, with some cell types showing that growth arrest was accompanied by apoptosis. The growth inhibitory effects of TNF in normal and cancer cells have been associated with a G 1 phase arrest (10) and a decrease in the activity of cyclin-dependent kinases (CDKs) (11) , the inhibition of the expression of cyclin A, cyclin B (11-13) and a concomitant increase of the tumor suppressor protein p53 and the CDK inhibitory protein, p21 (14) (15) (16) . Furthermore, the expression of both cyclin D3 and c-myc can sensitize cancer cells to TNF-induced apoptosis (17) .
Molecular interaction-based screens have revealed molecules derived from microorganisms, plants and animals which inhibit the activity of the cyclin-dependent kinases (CDK-1 to 7) and their regulatory catalytic subunits, cyclins A to H (18, 19) . Butyrolactone I is a microbial alkaloid isolated from an Aspergillus strain (20) which is a competitive inhibitor of ATP binding to the ATPbinding pocket of the CDKs. Butyrolactone is a highly selective inhibitor of CDK-1 and CDK-2 in vitro and was shown to arrest the normal and cancer cell cycle progression from the G 1 to the S phase and from the G 2 to the M phase (21) . Moreover, it suppresses the phosphorylation of pRb at the G 1 -S phase and promotes apoptosis of HL-60 cells at doses of 20-50 µM (22) . The present data show that the induction by TNF of both chromatin condensation and DNA fragmentation in the cancer cell lines WEHI, L929 and HeLa S3 is increased in the presence of butyrolactone. These effects were accompanied by the inhibiton of histone H1 and pRb kinase activities as well as by the proteolysis of several cellular proteins in the apoptotic cells compared with untreated control cells.
Material and Methods

Cell culture and drug treatment
The cell lines WEHI, methylcholanthreneinduced mouse fibrosarcoma (CRL 1751), L929, mouse fibrosarcoma (CCL 1), and HeLa S3, human cervix carcinoma (CCL 2.2) were obtained from the Americam Type Culture Collection. The cells were maintained in DMEM, 10% fetal bovine serum, 2 mM glutamine and antibiotics in a 5% CO 2 incubator. The cells were separated using trypsin/EDTA solution and harvested by centrifugation at 800 g for 5 min. For the cytotoxic assays, cells were incubated with complete medium with or without TNF (1-100 ng/ml) of human or mouse origin. Recombinant mouse and human TNF were provided by Genentech, Inc. (South San Francisco, CA, USA). At the time indicated, the dead cells and adherent cell populations were harvested by centrifugation, washed with PBS and divided into aliquots for the morpho-logical and biochemical assays. The effects of butyrolactone I, a selective inhibitor of CDK-1 and CDK-2 kinase activity (20, 21) , on cell growth and apoptosis were determined by incubating the cell lines with 100 µM of the drug for 1 h following the addition of TNF and by further incubation for 1-24 h. Butyrolactone was provided by Dr. Akira Okuyama (Banyu Tsukuba Research Institute and Merck Research Labs, Okubo, Japan).
Detection of normal and apoptotic changes in cancer cell nuclei
Changes in nuclear volume during the cell growth and chromatin condensation caused by the different treatments were evaluated by fluorescence microscopy after staining with 1 µg/ml of the DNA-binding fluorochrome Hoechst 33242. Apoptotic nuclei were scored on the basis of the condensation state of chromatin and its marginalization at the edges of nuclear membrane (23) . A minimum of three fields containing 100 cells per field were counted in three independent experiments.
DNA fragmentation assay
The assay was carried out as previously reported (23), with modifications. A total amount of 1-2 x 10 6 cells were suspended in 400 µl of the homogenization buffer (0.1 M NaCl, 10 mM EDTA, 0.3 M Tris-HCl, pH 8.0, 0.2 M sucrose, and 0.01% SDS) in Eppendorf tubes and incubated for 1 h in a water bath at 65 o C. Next, 70 µl of 8 M potassium acetate was added and the preparation was incubated on ice for 60 min and centrifuged at 3000 g for 10 min at 4 o C. The upper phase was transferred to a new Eppendorf tube and DNA extraction was performed with 1 volume of phenol:chloroform:isoamylalcohol solution (25:24:1) and precipitated with 2 volumes of 100% ethanol overnight at -70 o C. DNA was quantified by spectrophotometry at 260/280 nm. Aliquots of DNA containing 5-10 µg were electrophoresed on 2% agarose gel with ethidium bromide and DNA bands were photographed by UV transillumination.
Histone H1 and pRb kinase assays
Culture samples were trypsinized and centrifuged and the pellet obtained was lysed by rapid freezing and thawing and sonication for 20 s three times. The cell lysates were cleared by centrifugation at 10,000 g for 30 min. The protein concentration in the supernatants was determined by the Bradford protein assay (BioRad Laboratories, Hercules, CA, USA). The histone H1 kinase reaction (24) was carried out in a total 50-µl volume of 50 mM Tris-HCl, pH 7.4, 10 mM MgCl 2 , 1 mM DTT, and 50 µM ATP (reaction buffer), containing 10 µg of protein from one sample, and 5 µg purified histone H1 and 5 µCi of [g-32 P]ATP (3000 Ci/mmol, Amersham, Buckingham, UK). The changes in the expression and phosphorylation status of cellular proteins were analyzed after SDS-PAGE by the method of Laemmli (25) . A mixture of protein molecular mass standards (Gibco/BRL, Gaithersburg, MD, USA) was used to determine the apparent molecular masses of proteins. The gels were fixed, stained with 0.1% Coomassie blue, dried and analyzed by autoradiography.
Western blot analysis
Protein lysates of cell samples were obtained after homogenization with buffer A (100 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 10 µg/ml aprotinin, 1 µg/ml leupeptin, 10 µg/ml soybean trypsin inhibitor, 2 mM phenyl-methylsulfonyl fluoride, and 5 mM dithiothreitol) and sonication for 20 s three times. Equal amounts of proteins, estimated by the Bradford protein assay (BioRad), were separated by 10% SDS/ PAGE and transferred electrophoretically to a nitrocellulose membrane. The retinoblastoma monoclonal antibody RB1(1F8) from Zymed (San Franscisco, CA, USA) was used as the first antibody and a horseradish peroxidase-conjugated rabbit anti-mouse antibody was used as second antibody, at appropriate dilutions. Detection of immunoblots was carried out with the ECL Western blotting detection system (Amersham, Arlington Heights, IL, USA).
Results
Butyrolactone enhances TNF-induced apoptosis in cancer cells
In previous studies (10,23) we have determined the doses and times necessary for TNF to induce cell cycle perturbations and cell death in the rodent cell lines WEHI and L929 and the human cell line HeLa. In the present study, we examined the relative changes in size and condensation of nuclear chromatin typical of apoptosis in these cell lines after their growth stimulation with fetal calf serum in the absence or presence of butyrolactone, TNF or both compounds, for various times. Butyrolactone as a single agent, at the dose from 20 to 100 µM, did not induce apoptosis in these three cell lines.
The treatment, however, caused a progressive increase in the number of cells with large nuclei (data not shown), which may be related to the cell cycle arrest at the G 2 /M phase induced by the drug (21) . Pre-incubation with butyrolactone for 1 h, followed by the addition of TNF and further incubation of WEHI (15 h), L929 (20 h ) and HeLa (20 h), caused an increase of 19, 33 and 76%, respectively, of the apoptotic cells, as compared with TNF alone (Table 1) . Apoptosis was further confirmed by comparing the integrity of isolated cellular DNA by agarose gel electrophoresis. The results (Figure 1) show that the typical ladder pattern of DNA fragmentation was induced for each cell line incubated with TNF and TNF plus butyrolactone. A higher proportion of fragmented DNA was obtained in cells treated with TNF plus butyrolactone, consistent with the morphological data ( Table 1) .
Inhibition of histone H1 kinase and pRb kinase activities by TNF and butyrolactone
Inhibition of cellular growth and induction of apoptosis by TNF (10) and butyrolactone (20) (21) (22) in various cell types have been associated with the ability of these compounds to reduce the activity of protein kinases that catalyze the phosphorylation of histone H1 and pRb proteins. Consistent with the previous reports, we noted that the exposure of the three cell lines to TNF reduced the histone H1 kinase activities within the cells (Figure 2A ). The level of reduction in the histone H1 kinase activity increased with the combination of the TNF and butyrolactone compared to TNF alone. The reduction was more evident with the cell lines WEHI and L929, but not clear with HeLa. We analyzed the phosphorylation status of pRb in the WEHI cell line after the different treatments ( Figure 2B ). The control and butyrolactonetreated cells exhibited the three phosphorylated forms of pRb whereas the cells exposed to TNF or TNF plus butyrolactone showed Table 1 -Induction of apoptotic cell death by tumor necrosis factor (TNF) and the combination of TNF plus butyrolactone in mouse and human cell lines.
Cell lines were incubated without or with butyrolactone (100 µM) for 1 h and then with TNF. The concentration of TNF (mouse or human recombinant protein) added and time of incubation were, respectively, 1 ng/ml and 15 h for WEHI, 10 ng/ml and 24 h for L929, and 100 ng/ml and 24 h for HeLa. Apoptotic nuclei were scored on the basis of the condensation state of chromatin and its marginalization at the edges of the nuclear membrane. Data are reported as the mean percent of apoptotic cells ± standard deviation of the results of three similar experiments. only the fast migrating form of pRb (about 105 kDa). We also observed in the autoradiographs the presence of a faint band of 68 kDa, which may be a cleavage product from Rb proteins (26) . We also detected this 68-kDa product with the Rb monoclonal antibody (data not shown).
Differential expression of proteins in the cell lysates from TNF-and butyrolactone-treated cells
We monitored the relative effects of TNF and butyrolactone on the synthesis and degradation of cellular proteins to detect other molecular targets associated with the inhibition of cell growth and induction of apoptosis in WEHI cells in which the extent of cell death was nearly 90%. The content and molecular size of numerous proteins did not change in the cells exposed to butyrolactone alone as compared to controls ( Figure  3 ). The intensity of polypeptide bands in the Coomassie-stained gels showed that the proteins of approximately 110, 90 and 50 kDa were drastically reduced in the cell lysates from the cells treated with TNF. This occurred with the simultaneous appearance of the two proteins of 60 and 70 kDa. The effect was increased when we used the combination of TNF and butyrolactone. It is interesting to observe that the protein bands between 110-120 kDa (location of pRb hyperphosphorylated forms) were absent in the samples from the TNF and the TNF plus butyrolactone cell lysates. The data suggest that the lack of various protein bands in the 40-200 kDa range and the simultaneous appearance of new bands of 60 and 70 kDa, as well as of weak bands on the gel, may be the result of proteolysis of cellular proteins and the generation of smaller cleavage products. The data also indicate that the changes may be the result of up or down regulation of gene expression induced by these agents. 
Discussion
Evidence in a number of studies has suggested that oncoproteins, tumor suppressor proteins and the cell cycle regulatory proteins play a critical role in the mechanism by which normal and tumor cells respond to TNF and to pharmacological compounds that induce cell differentiation, proliferation or apoptosis (7, 8, 11, 17) . Recently, several chemical inhibitors of CDKs have been found on the basis of their ability to inhibit cell cycle proliferation and/or to induce apoptosis in cancer cells (18, 19) . The present study shows that TNF inhibits the histone H1 and pRb kinase activities associated with CDKs in the cell lines WEHI, L929 and HeLa undergoing cell cycle arrest and apoptosis, and that these biochemical effects can be sustained with butyrolactone, a specific inhibitor of protein kinases CDK-1 and CDK-2. These data provide further evidence for We found that butyrolactone itself does not induce apoptosis in the cell lines WEHI, L929 and HeLa used in this study, as observed for the HL-60 cell line (22) . It has been shown that the general inhibitors of multiple protein kinases staurosporine and related compounds (27, 28) , genistein and tyrphostin (29, 30) are potent inducers of apoptosis in some types of cancer cells. For example, staurosporine at 10 nM concentration causes the arrest of cell cycle progression at the G 1 phase which occurs concomitantly with the synthesis of the cyclin-dependent kinase inhibitors p18 and p27 and consequently the inhibition of CDK-2, CDK-4 and CDK-6 activity (28). More important, apoptosis of various types of cancer cells following treatment with different cytotoxic agents frequently occurs upon the cell cycle arrest and reduction of the CDK activities associated with cyclins A, B, D and E (31) (32) (33) (34) (35) . Thus, an efficient block of the synthesis and activity of CDK/cyclin in tumor cells appears to be a crucial step toward growth arrest and apoptotic cell death. It has been reported that butyrolactone and other inhibitors of CDKs such as staurosporine, flavopiridol, suramin and olomoucine inhibit the CDK activity by their direct interaction with the ATP-binding site inside the CDK molecules (18, 19) . However, we have not yet shown if p21, a CDK protein inhibitor transcriptionally regulated by p53, or its family members, p16, p18, p27 and p57, function as mediators of the TNF-induced CDK kinase suppression. The participation of the phosphatases cdc-25 (36) and retinoblastoma phosphatase (26) has also been considered because of their roles in CDK kinase activity regulation and apoptosis mediated by c-myc and pRb deregulation. It is important to mention that various other protein kinase families with essential roles in the cell survival pathways can also be inhibited by TNF and the competitive inhibitor for ATP binding and, therefore, contribute to the biological effects induced by these factors (37) . Taken together, these data further support our hypothesis that the apoptosis process is initiated after the inhibition of multiple protein cascades which are continually activated by cell survival factors (11) .
TNF-induced apoptosis is mediated by the activation of a conserved family of aspartate-specific cysteinyl proteases called kDa, supporting the idea that they may be the cleavage products of one or more proteins. These data suggest that specific modifications, including phosphorylation and proteolytic cleavage of the cellular proteins, might be involved in the molecular mechanisms behind the morphological and biochemical changes occurring during the apoptotic process. Few of the caspase-cleaved substrates are known to have direct physiological significance in apoptotic cell death. Recent studies have identified the Rb tumor suppressor proteins as substrates for the caspases during the apoptosis process induced by TNF and other death inducers (42) (43) (44) . In the present report we show that WEHI cells exposed to TNF or both TNF plus butyrolactone exclusively contain the hypophosphorylated form of pRb and a product of 68 kDa ( Figures 2B and 3) , as reported elsewhere (44) . It has been demonstrated that pRb functions at a checkpoint that protects cancer cells from entering the S phase and apoptosis in the absence of serum stimulation or deregulated expression of E2F transcription factor (45, 46) . Therefore, we suggest a mechanism by which the cell cycledependent inactivation of CDKs by TNF and CDK chemical inhibitors and an inefficient phosphorylation of Rb would prime the underphosphorylated forms of Rb to caspases for its specific cleavage. Furthermore, the changes in the phosphorylation status and conformation structure of Rb proteins would allow the release of E2F, which in turn promotes S phase entry and induces apoptosis. Taken together, the present findings link the decrease of cyclin-dependent kinase activity and the increase of protease activity within the growth arrest and apoptotic pathways induced by TNF. It is hoped that the identification of newer inhibitors of CDKs and the caspase substrates involved in the cell proliferation and apoptosis pathways will be of clinical importance for the therapy of many diseases.
